Hierarchical coal-based carbon foams with a low production cost and a high carbon yield have been synthesised using ZnCl 2 and KOH as activation agents and tested as adsorbents for CO 2 , and a relation has been established between CO 2 uptake and their textural and chemical properties. The foams showed a porous structure consisting of macropores in the range of 100-10 µm, a surface area of 534-866 m 2 g -1 and a total micropore volume of 0.21-0.25 cm 3 g -1 . The foams activated with ZnCl 2 at 500 ºC, which displayed a homogeneous microporosity in the range of 0.8-1.2 nm, showed moderate values of CO 2 uptake, ranging from 1.6 to 2.1 mmol g -1 . The CO 2 adsorption capacity of the foams prepared by KOH activation was as high as 2.8 mmol g -1 , as a result of their higher proportion of narrow micropores (< 0.7 nm). This value is superior to those attained by commercial activated carbons and the highest ever reported for carbon foams. Regarding the chemical surface, the presence of acidic functionalities reduced the uptake of CO 2 . The foam prepared with a low coal/KOH ratio (0.5) showed a very good selectivity for CO 2 adsorption over N 2 , a low regeneration energy expenditure and a good recyclability.
practical applications (3-4 mmol g -1 ) [16] . However, the process for preparing these materials is costly and tedious, and hence unfavorable for large-scale production and application. Until now, the carbons synthesised by Wahby by means of a self-sintering process of activated mesophase pitches have provided the highest volume of narrow micropores, 1.42 cm 3 g -1 , for monoliths, with CO 2 adsorption capacities of up to 4 mmol g -1 [17] . Recently, A. Arami-Niya et al. have reported the synthesis of activated carbon monoliths from mixtures of acid-treated tar pitch and KOH, using coal as a foam stabilizer [18] . These materials showed an open channel structure, reaching high CO 2 adsorption capacities at low pressures (5 -4.5 mmol g -1 at 303 K and 140 kPa) and reasonable uptakes of CO 2 and CH 4 at high pressure (~ 7.4 and 5.0 mmol g -1 ,
respectively, at 298 K and 350 kPa).
Coal-based carbon foams are light-weight materials with an interconnected network of pores in the range of macropores. They have a low surface area (< 10 m 2 g 1 ) and micropore volume, which disqualifies them as sorbents or catalyst supports. However, recently, our group reported a simple method to develop micropores in carbon foams, which extends the range of applications beyond the typical thermal and mechanical ones [19] . The process consists in adding an activation agent to the coal prior to the foaming step. Activation then leads to the formation of micropores in the cell walls. Because of the low cost of the raw material, the high carbon yield, and the formation of a bimodal porosity (micro and macroporosity) such foams offer an interesting alternative for CO 2 capture. Moreover, the monolithic shape of the foam provides a high structural stability, which will facilitate their deployment on an industrial scale.
As already mentioned, the CO 2 adsorption capacity of carbon materials is closely related to their textural parameters (narrow micropore volume) and surface chemistry (basic functionalities). However, in most of the works found in the literature these parameters are studied independently of each other. For example, results obtained for carbon materials, with a more basic surface character than their counterparts and different textural parameters (surface area and micropore volume), are discussed independently of their narrow microporosity [20] [21] [22] . In order to determine the influence of each individual parameter on CO 2 uptake, we prepared activated carbon foams with different properties by varying the activation agent, the activation agent/coal ratio and the activation temperature.
EXPERIMENTAL

Foam processing
A high volatile bituminous coal (P) was selected as precursor of the carbon foams. The characterisation data of the coal are summarized in Table 1 . In some of the tests, the coal was previously subjected to a demineralization treatment (P*). The mineral matter was removed by acid washing in three steps: (i) HCl (5 M), (ii) HF (full-strength concentration, 22 M), (iii) HCl (full-strength concentration, 12M) [23] . In a typical experiment, 20 g of coal (< 212 µm) was mixed with 80 ml of acid solution by continuous shaking for 1 h at ~ 60 ºC. Afterwards, the solids were isolated by filtration and washed with warm distilled water. The washed coal was used for the next step under the same experimental conditions. Finally, the acid-washed coal was dried in an oven at 60 ºC during 12 h. By applying this procedure, the total ash content was reduced from 6.5 to 0.5%, representing ash reduction of more than 90%.
ZnCl 2 (Z) and KOH (K) were selected as the activation agents. The synthesis of the activated carbon foams was carried out in four sequential steps, in a procedure similar to that previously reported [19] : (i) impregnation of the coal precursor with a chemical activation agent, (ii) foaming process, (iii) activation (carbonization of the green foam), and (iv) washing with HCl (0.5 M) and water to remove the residual compounds. The operational conditions employed in each step were carefully chosen to ensure that the fluidity during the foaming process was the proper one, and also to prevent structural breakdown of the carbon foam after the activation step. Thus, the experimental conditions were optimized depending on the activation agent to be used and the amount to be loaded ( Figure 1 ). Table 1 . Analytical data of the coal (P) used as precursor for carbon foams
Gieseler plasticity test
Softening temperature (ºC) 391
Solidification temperature (ºC) 482
Maximum fluidity temperature (ºC) 443
Fluidity (ddpm) 12401
KOH (with higher amounts of KOH it was not possible to obtain an integral piece). The dispersion was stirred for 2 h at 60-75 ºC and dried at 105 ºC for 2 days in the case of the ZnCl 2 /coal mixture and until complete dryness for the KOH/coal mixture.
Afterwards, the impregnated coal was subjected to a foaming step at 450 ºC (temperature of maximum fluidity of the coal). The resulting "green" foams were carbonized in a horizontal tubular furnace under an Ar or CO 2 flow (100 ml min -1 ) at temperatures in the 500-800 ºC range. The activated foams thus obtained were subsequently washed with HCl (0.5 M) to remove any inorganic salts generated during the heat treatments, and then with hot water until neutral pH. Finally, the samples were dried in an oven at 120 ºC. The samples were labelled according to the activating agent/coal ratio, the coal precursor (P, P * ), the chemical activation compound (Z, K), and the activation temperature (500, 800). For example, 1PK800 corresponds to the foam activated with KOH at 800 ºC with a KOH/coal ratio of 1.
Impregnation with the activation agent
In addition, several samples were subjected to an activation treatment under CO 2 (combined physical and chemical activation). The samples thus obtained were labelled including the code PA after the temperature.
For comparative purposes, two commercial activated carbons, Supra50 and Super50, were used as reference materials.
Characterization of materials
The apparent density,  Hg , and the true density,  He , of the samples were measured by mercury porosimetry (Micromeritics AutoPore IV) and helium pycnometry (Accupyc 1330 from Micromeritics), respectively. From these data the total pore volume (V Hg ) and the percentage of open porosity (s) were calculated according to equations E1 and E2. In addition, the macropore size distributions were determined by mercury porosimetry measurements between 0.0007 and 227 MPa.
The microporous texture of the activated foams under study was analysed by the physical adsorption of N 2 and CO 2 . The physical adsorption of N 2 at -196 ºC was measured in a Micromeritics ASAP 2420 device, whereas the adsorption of CO 2 at 0 ºC was measured in a Quantachrome NOVA 1200 instrument. In both cases, prior to the measurements, all the samples were degassed overnight at 120 ºC under vacuum.
The apparent surface area (S BET ) was assessed by the standard BET method, using nitrogen adsorption data in the 0. X-ray photoelectron spectroscopy (XPS) was employed to study the surface chemistry of the activated foams. XPS spectra were recorded on a Specs spectrometer equipped with a high performance Phoibos 100 hemispherical analyser and a 5 multiplier channeltron detector (5MCD). The X-ray radiation was non monochromatic MgK (1253.6 eV) emitted from a twin anode at 50 w.
CO 2 adsorption measurements
The CO 2 uptake of the synthesised foams was investigated up to atmospheric pressure (1 bar) in a static volumetric analyser (Nova 1200 Quantachrome), at different temperatures (0, 25 and 50 ºC). This equipment was also employed to measure the N 2 uptake at 25 ºC in order to determine the selectivity of the activated foams for CO 2 over N 2 . Before the measurements, the samples were degassed at 120 ºC overnight.
The heat of adsorption is related to the energy needed to regenerate the sorbent. This value was calculated by applying the Clausius-Clapeyron equation (E3) to the data obtained from the CO 2 isotherms at different temperatures [25] .
The recycling tests of CO 2 on the activated foams were performed at atmospheric pressure using a thermogravimetric analyser (TA Instruments). In a typical experiment, the sample was first purged at 200 ºC under a He flow (100 ml min -1 ) to remove the adsorbed substances, and then it was allowed to cool to 25 ºC. After the temperature had stabilized, the inlet stream was switched to CO 2 (100 ml min -1 ) and a weight gain was observed. After the sorbent was saturated, the inlet stream was switched back to He without varying the operational temperature to perform the desorption of CO 2 .
Adsorption-desorption cycles were repeated for five runs in order to test the ability of the sorbents to retain their CO 2 uptake.
RESULTS AND DISCUSSION
Characterization of activated foams
Carbon foams derived from graphitizable precursors, such as pitch or coal, are essentially macroporous carbons. However, recent studies have shown that a microporous texture can be developed by chemical activation [19, [26] [27] [28] . In many cases, the activation is performed after the synthesis of the carbon foam, which leads to the degradation of its monolithic shape. The strategy employed in the present work is 
Microporosity
The textural parameters calculated from N 2 volumetric analysis are summarized in Table 2 ).
This result suggests that the mineral matter acts as an inactive phase, decreasing the volume of adsorbed gas per gram of sample, without affecting the formation of micropores or blocking their entrances. The narrow pore volume of the foams (V DR-CO2 ) follows a similar tendency to the micropore volume (V DR-N2 ), increasing as the ZnCl 2 /coal ratio increases, and also when the coal is subjected to the demineralization process ( Figure 4a it can be observed that foam 2PZ500 possesses a higher proportion of supermicropores (< 1nm) than foam 1PZ500, in addition to greater amounts of narrow mesopores, between 2-3 nm. By other hand, the PSDs of foams 1PZ500 and 1P*Z500
are quite similar, confirming that the demineralization treatment does not affect the creation of microporosity ( Figure 4b ).
It is well known that activation with ZnCl 2 at temperatures above 500 ºC causes a severe reduction in microporosity due to the breakage of the dangling bonds induced by the activation agent [29] . However the use of an oxidant gas during treatment at high temperatures, referred to as simultaneous physical and chemical activation, may prevent the collapse of the micropore structure [30] . Accordingly, the green foam 1P*Z was subjected to carbonization at 800 ºC under an oxidant atmosphere with CO 2 (1P*Z800-PA). It is important to note that an oxidant atmosphere should be employed during the heating from 500 to 800 ºC (not only during the activation at 800 ºC), since as ascertained in a previous paper [19] , if the heating is carried out under an inert atmosphere, a reduction in the textural parameters is obtained (~ 50%, compared to when the foam is chemically activated at 500 ºC).
As can be seen in Table 2 , sample 1P*Z800-PA displays similar parameters of S BET and V DR-N2 to foam 1P*Z500, but its V DR-CO2 has undergone a slight decrease from 0.22 to 0.19 cm 3 g -1 . From these data, it can be inferred that the CO 2 atmosphere prevents the collapse of the micropores during heating; at the same time, some gasification of the pore walls must have taken place causing the reduction of the narrow microporosity. respectively. However, KOH induces the development of narrow microporosity to a greater extent than ZnCl 2 (0.26 cm 3 g -1 for 1PK800 vs 0.21 cm 3 g -1 for 1PZ500) (Table 2 ). Moreover, it should be noted that even though the textural parameters calculated from N 2 isotherms at -196 ºC decrease when the amount of KOH falls to a ratio of 0.5, the CO 2 uptake remains unchanged, so both 0.5PK800 and 1PK800 show the same volume of narrow microporosity (0.26 cm 3 g -1 ). However, for foam 0.5PK800, V DR-N2 < V DR-CO2 , while for foam 1PK800, V DR-N2 ≈ V DR-CO2 . The PSDs obtained from N 2 adsorption confirm that high ratios of KOH promote the development of pores between 1 and 2 nm (Figure 4c ).
Macroporosity
As shown in Table 3 , a rise in the amount of the chemical activation agent produces a decrease in the values of apparent density from 0.58 g cm -3 for 1PZ500 to 0.43 g cm -3 for 2PZ500, as a result of the increase in fluidity during the foaming process due to the presence of greater amounts of ZnCl 2 [19] . This fact also involves changes on the macroporous structure. Thus, in Figure 5a can be observed that the sample 2PZ500 presents a narrow pore size distribution centered around 100 µm, while the sample 1PZ500 has a broader distribution with pore sizes between 100-10 µm (Figure 5a ). The macroporosity of the foams is also influenced by the present of mineral matter and the chemical activation agent used. The demineralization treatment produces a decrease in the apparent density of the foams, from 0.58 g cm -3 (1PZ500) to 0.31 g cm -3 (1P*Z500) ( (Figure 5b ). The macroporous structure is closely related to the coal fluidity and the pressure generated inside the reactor during the foaming process [19, 31] . Therefore, this effect is more than likely due to an increase in the fluidity as a consequence of the mineral matter removal from coal (inert phase). By other hand, the foam activated with KOH, 1PK800, has a higher pore volume (V Hg )
than the foam activated with ZnCl 2 , 1PZ500 (Table 3 ). This may be due to the fact that activation with KOH is carried out at a higher temperature than activation with ZnCl 2 , resulting in the removal of residual volatile matter blocking some of the pores. This is confirmed by the results obtained for the non-activated foams P500 and P800
( Figure 5c ). Moreover, it is possible that gasification of the micropores takes place at macropores in the range of 10 to 0.1 µm (Figure 5d ).
It is worth noting that the activated foams 1PZ500 and 0.5PK800 show lower density values than their non-activated counterparts P500 and P800, respectively. This phenomenon may be related to an increase in fluidity during the foaming, favouring the growth of bubbles and macropore development in this stage. ZnCl 2 promotes dehydrogenation reactions between aliphatic structures, as a result of which the radicals formed during the foaming are stabilized and remain in the metaplast instead of being so readily volatilized. In the case of KOH, the activation takes place by a redox process (R1). Consequently, to obtain a suitable green foam KOH must melt before the formation of metallic K, with this melting being the probably cause of the increase in fluidity. Figure 5 . PSDs obtained by mercury porosimetry for foams: a) 1PZ500 and 2PZ500, b) 1PZ500 and 1P*Z500, c) P500 and P800, d) 1PZ500 and 0.5PK800. , respectively), though it displays a higher CO 2 adsorption capacity ( Figure 6 ). This observation can be clearly appreciated in Table 4 , where the adsorption capacities have been normalized against the narrow pore volumes. The samples activated at 500 ºC have an average micropore size of more than 0.7 nm, whereas the foam activated at 800 ºC has an average micropore size of 0.6 nm (Table 4) . Therefore, a possible explanation for the higher CO 2 uptake may be the smaller average micropore size, which is consistent with the results reported by Sethia et al. [33] . The role of pore size will be discussed in more detail later on. On the other hand, this phenomenon may be related to the surface chemistry, in spite of the interaction between the CO 2 and the coal foam being mainly a physical process, as can be deduced from the decrease in CO 2 uptake as the temperature increases (Table 4) . 
KOH + 2 C → 2 K + 3 H 2 + 2 K 2 CO 3 (R1)
K 2 CO 3 + 2 C → 2 K + 3 CO (R2) C + K 2 O → 2 K + CO (R3)
CO 2 adsorption studies
C ads V DR-CO2
In other words, the surface properties of the foams may play an important role in CO 2 uptake [32] .
The oxygen content as determined by XPS analysis for the foams activated at 500 ºC is in the range of 16-10% at., but after the treatment at 800 ºC this value drops abruptly to 5% at. Therefore, apart from the textural changes, the rise in temperature leads to a modification of the chemical composition of the foams. Figure 7 shows the XPS results of 1P*Z500 and 1P*Z800-PA. The high resolution C 1s band of 1P*Z500 displays a main peak at 284.4 eV and a shoulder at 285.2 eV, associated to aromatic and aliphatic carbon, respectively. Moreover, two small peaks appear at higher binding energy due to the existence of oxygen groups, C=O at 287.1 eV and O-C=O at 289.4 eV [19, 33] . The contribution of these bands decreases considerably in 1P*Z800-PA, indicating a rather poor surface in terms of oxygen functionalities, which is consistent with the higher temperature achieved during the activation step (800 ºC vs 500 ºC).
The basic or acidic nature of the oxygen functional groups present in the foams was also analysed by deconvoluting the high resolution O 1s band. In this region, five components were identified corresponding to: quinones or carbonyl oxygen (531 eV), lactones, phenols and ethers (532.5 eV), anhydrides (533.3 eV), carboxylic acids (534.2 eV) and chemisorbed water (536 eV) [34] . Figure 8 shows the XPS O 1s spectrum of foams 1P*Z500 and 1P*Z800-PA. It can be seen that the O 1s band shifts to lower energies as the temperature increases, confirming a reduction in the amount of acidic functionalities, such as anhydrides and carboxylic acids, whereas the amount of quinone type basic structures increases. Therefore, the activation at 800 ºC enhances the hydrophobic character of the carbon foam and in consequence the affinity for CO 2 molecules may be greater in foam 1P*Z800-PA than in the foams activated at 500 ºC.
To corroborate this hypothesis, the heat of adsorption was calculated by applying the Clausius-Clapeyron equation to the adsorption isotherms assuming an adsorption uptake of ~0.7 mmol CO 2 g -1 . This parameter is a useful indicator of the strength of the interaction between the sorbent and the molecules of the adsorbate, in this case CO 2 .
Foam 1P*Z800-PA show a higher value (29 kJ mol -1 ) than the foams activated at 500 ºC (24-26 kJ mol -1 ), indicating that CO 2 molecules have a greater affinity for foams activated at a higher temperature. Nevertheless, all of these values are in the same range as those reported in the literature for porous carbon materials, indicating that the sorbents only require a low amount of energy to be regenerated [10] . Taking into account that both the textural parameters (pore volume and pore size) and the presence of acidic functionalities play an important role in determining the capacity of CO 2 uptake, it is to be expected that the foams activated with KOH at 800 ºC, which have a large volume of narrow pores, will exhibit a higher CO 2 adsorption capacity than the foams activated with ZnCl 2 .
As can be seen in Table 4 , the foams activated with KOH, show the highest CO 2 uptake at 1 bar and 25 ºC (2.4-2.8 mmol g -1 ), a value that is much greater than those achieved possibility that has already been reported in the literature [33] , is confirmed by Figure 9 ,
where it can be seen that the CO 2 uptake at 25 ºC and 1 bar obtained for the samples does not show any correlation with the total microporosity (Figure 9b ), but when these results are plotted against the narrow pore volume two different linear trends are apparent, one of which concerns the commercial activated carbons (AC) and the foams activated at high temperature (PK series and 1P*Z800-PA), and the other the PZ series activated at 500 ºC (Figure 9a ). The latter has shifted to lower values as a consequence of the surface chemistry of the foams, since, as mentioned above, these samples, which were treated at a low temperature, display a more acidic character that reduces their capacity to adsorb CO 2 . whereas in the case of the commercial carbons this value is slightly higher, in the range of 0.7 nm (Figure 11 ). These results are in agreement with those reported by Presser [35] , confirming that, at sub-atmospheric pressures, CO 2 adsorption is proportional to the amount of pores below 0.5 nm, whereas the micropores below 0.8 nm play an important role in the adsorption process at atmospheric pressure and ambient temperature. This is due to the fact that these narrow micropores have a strong adsorption potential that favours the ingress of CO 2 molecules at low pressures [6] .
In this work a good correlation between the adsorption capacity of CO 2 at 0 ºC and 0.5 bar and that corresponding to 25 ºC and 1 bar was also observed (Figure 9c ), which suggests that pores below 0.5 nm are also essential for achieving a good CO 2 capture performance at 25 ºC. The adsorption capacity at 25 ºC attained by the foams synthesised in this work, by KOH activation, is the highest value ever recorded for any coal foam, and is similar to those reported for other porous carbon materials in monolithic shape (Table 5) . Even though some carbon materials have adsorption capacities higher than 3 mmol g -1 [5] , it needs to be taken into account that the majority of such materials are prepared by the activation of polymers or pitches and with a high ratio of activation agent (>2), that increases the chemical consumption and reduces the process yield. From an industrial point of view, it has been reported that a suitable adsorbent material should exhibit an adsorption capacity in the range of 3-4 mmol g -1 at a cost lower than 10 $ kg -1 [16] . The second condition is satisfied by the foams presented in this work and the capacity (2.8 mmol g -1 ) is reasonably close to the industrial target value. Further research into the modification of their surface using amine groups, metal oxides or fluorination treatments, can be expected to lead to the development of foams with an even more enhanced performance [5] .
A good sorbent must also be able to retain the same capacity and structural integrity over numerous adsorption-desorption cycles. Moreover, in low-pressure postcombustion systems the flue gas usually contains less than 15% of CO 2 , and, in consequence, the adsorbent needs to show a greater selectivity for CO 2 over other compounds present in the gas mixture.
Given that foam 0.5PK800 exhibited the greatest capacity to adsorb CO 2 , this sample was selected to evaluate the selectivity of the sorbent for CO 2 over several regeneration cycles. 
Adsorbent selectivity and reuse
From an industrial point of view the sorbents must demonstrate a good selectivity for CO 2 over N 2 molecules. Figure 12a shows the single-component isotherms of CO 2 and N 2 for the 0.5PK800 foam at 25 ºC. The CO 2 /N 2 selectivity coefficient measured from the uptakes of the pure gases at 1 bar is ~ 8, which is consistent with the data reported for other porous carbon materials (about 7) [37] . The reuse of sorbents is another important issue to be considered, since it affects the efficiency and cost of a CO 2 capture process. The reusability of the foam was tested in a thermobalance by performing several adsorption/desorption cycles at 25 ºC. The affinity of the carbon foam towards CO 2 was found to be weak, as can be deduced from the enthalpy adsorption value (30 kJ mol -1 ), indicating that the energy requirement for the release of CO 2 is low. Indeed, the CO 2 can be easily desorbed at ambient temperature by switching the carrier gas from CO 2 to He. As shown in Figure 12b , the CO 2 adsorption capacities were similar under the same conditions over six repeated runs, indicating that 0.5PK800 is exceptionally stable and can be recycled without any significant loss of CO 2 capture performance.
CONCLUSIONS
Hierarchical carbon foams with macro and microporosity were successfully prepared by means of a simple activation route. By adjusting the synthesis conditions (the type of activation compound, the amount of compound and the activation temperature), Given that this value is one of the highest ever reported for carbon foams, coal-based carbon foams can be considered as good potential sorbents for CO 2 capture. Moreover, in comparison with other porous carbons, the foams reported in this work offer important advantages from the point of view of industrial application such as: i) the low cost of the raw material, which can be employed without the need for pretreatment, ii) a simple synthesis method in comparison to other techniques (e.g., nanotemplates), iii) the need for only a small amount of activation agent, which reduces chemical consumption and the process cost, iv) a high yield (75% as against 15% for activated biomass), and v) a monolithic structure which gives them a great mechanical strength and an easy manageability.
Furthermore, these materials also offer a good selectivity for CO 2 over N 2 and can be used repeatedly over many cycles without any loss of adsorption capacity.
